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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
EVALUATION OF CORRUGATOR OPERATING CONDITIONS AND MEDIUM
PROPERTIES WITH RESPECT TO HIGH-LOW FLUTE FORMATION
SUMMARY
One of the limiting factors in the corrugating operation is the
formation of high-low flutes. Excessive difference in the heights of successive
flutes results in poor or no adhesion of the low flutes in the double-backing
operation, thereby impairing the integrity of the corrugatedboard as a structure.
Previous investigations indicate that high-low flute formation depends upon the
properties of the medium being corrugated and upon the operating conditions
used in fabricating the combined board. A study was undertaken to clarify the
effects of certain corrugator operating variables on high-low flute formation.
This information may help to identify the types of medium properties that
govern high-lows, as well as provide operating guidelines for commercial
corrugating plants faced with high-low problems.
Eight rolls of 26-lb. semichemical corrugating medium, representing
mills of wide geographical distribution, were corrugated in combination with a
"standard" 42-lb. single-face liner under various combinations of operating
conditions. The operating variables studied were (a) web tension (0.5 and 1.75
lb./in.), (b) main steam shower pressure (0 and 21 p.s.i.), (c) corrugating roll
pressure (187 and 420 lb./in.), (d) angle of take-off of single-faced board
(0 and 20° above tangency), and (e) corrugating speed (300 and 450 f.p.m.).
Average high-low, defined as the average absolute difference in height between
successive flutes, was evaluated on a conditioned sample of A-flute single-
faced board from each experimental corrugating run. It is shown that average
high-low, as defined above, is approximately proportional to the relative
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frequency of flute-height-differences exceeding three and five points - the
latter are arbitrary criteria for excessive high-lows. Selected properties of
the medium samples were evaluated for the purpose of checking equations developed
in the allied Project 2696-6 describing the relationship between high-lows and
medium properties.
Among the conclusions drawn from this study are the following:
1. Considering all medium samples, increasing the web tension from
0.5 to 1.75 lb./in. increased the average high-low by 0.39 + 0.12 point (with
95% confidence). The effect was sensibly consistent for all mediums studied.
2. On the average, increasing the main shower pressure from zero to
21 p.s.i. decreased high-lows by 0.52 + 0.12 point and the effect was consistent
from medium-to-medium.
3.. Increasing the corrugating roll pressure from 187 to 420 lb./in.
decreased high-lows by 0.72 + 0.12 point and the effect was consistent from
medium-to-medium. This magnitude of decrease in average high-low corresponds
to approximately 15 percentage points reduction in the relative number of flute-
height-differences exceeding three points and 10 percentage points reduction in
differences exceeding five points.
4. 'Increasing the angle of take-off of the single-faced web from
tangency to 20 ° above the tangent at the'pressure roll-corrugator roll nip had
no important effect on high-lows. The effect was 0.06 + 0.12 point (with 95%
confidence), which includes no effect as a possibility.
5. Increasing the corrugating speed from 300 to 450 f.p.m. increased
the average high-low by 0.25 + 0.12 point considering all medium samples.
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6. The results of this study are in good agreement with an earlier
investigation (Project 2696-1).
7. The results cited above indicate that average high-low can be.
minimized by decreasing the web tension and corrugating speed and increasing
the main steam shower pressure and the corrugating roll pressure. Elevating
the angle of take-off of the single-face web by 20 ° above the normal tangential
take-off appears to have no important effect on average high-low.
8. There were marked differences between the magnitude of average
high-low among the eight mills at given corrugating conditions. Differences as
great as one pdint in average high-low were exhibited by the eight medium samples,
representing the major containerboard-producing areas of the country. One
point difference in average high-low corresponds to about 20 percentage points
difference in the relative frequency of flute-height-differences exceeding
three points and 15 percentage points reduction of differences exceeding five
points. This observation indicates that the properties of the medium, as well
as operating conditions, influence the formation of high-low in corrugated board.
c
9. Selected properties of the medium were evaluated for the purpose
of testing relationships between average high-low and medium properties, as
developed in Project 2696-6. Six equations, each involving one or two medium
properties, were tested. It was found that, on the average, each equation
predicted average high-low for the samples of this study at least as well as it
did for the samples of Project 2696-6. One of the more attractive equations
involves tensile strength and Thwing formation of the medium. On the average,
the high-low for the samples of the present study, were predicted with 11%
accuracy by means of this equation. The equation implies that high-low increase
with increase in tensile strength and decrease with improved formation.
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INTRODUCTION
Corrugating is a process that converts three or more relatively
flexible paperboard webs into a composite material possessing markedly greater
stiffness at relatively.low weight. The primary requirement of the process is
that it provide a product of satisfactory quality at a cost which is competitive
with other packaging materials.
There have been many improvements in corrugating over the years,
involving improvement of component quality, machine design and adhesives, all
of which.have tended to make the production of corrugated board more efficient
and improve end-use performance. Two aspects of corrugating remain rather
severe limitations, namely, runnability and high-lows, and they militate against
further increases in production speeds and the associated increase in efficiency.
"Runnability" refers to the ability of the medium to withstand the stresses and
strains of corrugating without fracture of the flutes. "High-lows" refer to the
differences in height of consecutive flutes. Excessive differences in flute
height result in poor or no adhesion of the low flutes.in the double-backing
operation. This impairs the integrity of the composite structure (corrugated
board) and may have adverse effects on its performance in container compression.
The present investigation is concerned with high-lows.
Previous studies (1-3) have indicated that the tendency to form
high-low flutes varies from medium-to-medium and with the operating conditions
of the corrugator. The properties of the medium that govern high-low formation
are not adequately known, although they are the subject of a concurrent investi-
gation (Project 2696-6). Somewhat more is known about the effect of operating
conditions on high-low formation, perhaps because it is more readily accessible
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to experimentation. There is likely some interplay between medium properties
and corrugator operating variables in the sense that operational variables
such as shower pressure, roll pressure, and web tension probably influence
high-low formation by their action on the medium properties. For example, the
amount of moisture absorbed at the steam showers may affect medium characteristics
such as moldability, friction, or tension characteristics.
The objective of the present study is to clarify the effects of selected
operational variables on high-low flute formation. The corrugator variables
studied are: (a) web tension, (b) main steam shower pressure, (c) corrugating
roll pressure, (d) angle of take-off of the single-faced board, and (e) corru-
gating speed. It is hoped that a clear understanding of the effects of operat-
ing variables will help identify the types of medium properties that govern
high-low formation, as well as provide operating guidelines for commercial
corrugating plants faced with high-low problems. While this is not the first
investigation of these operating variables [see (3)], the present study
benefited from the use of sound principles of the design of experiments,
giving improved precision in the determination of the effects of the operating
variables.
The number of samples of medium employed in the present study was not
sufficiently large to carry out an effective development of the relationship
between high-lows and medium properties. Selected properties of the medium were
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*MATERIALS -
A 50-inch diameter, 12-inch wide roll of 26-lb. semichemical medium
was selected from each of eight member mills, representing various geographical
areas of the country. Based on earlier evaluation in the medium base-line. study
(Project 2694-2) the mediums exhibit average or above average runnability.
EXPERIMENTAL PROGRAM
Each of the eight rolls of 26-lb. medium was corrugated on the
Institute's experimental corrugator with A-flute corrugating rolls and a
"standard" 42-lb. kraft liner-under various combinations of operating conditions.
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The "normal" levels listed above are those used in routine evaluations of
runnability, as in the medium base-line study (Project 2694-2), and are shown
for reference.
Web tension was monitored by means of a strain-gaged, cantilevered
tension roll, illustrated in Fig. 1, and controlled to within + 0.125 lb./in.
by means of a remote-operated friction brake on the medium parent roll shaft.
L _
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Figure 1. Experimental Corrugator
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The main steam shower pressure was controlled to within + 1 p.s.i. The medium
preheater shower pressure was controlled in conjunction with the main shower
pressure - zero and 1.5 p.s.i. on the preheater corresponding, respectively,
to-zero and 21 p.s.i. on the main showers. The corrugating roll pressure was
controlled to within + 10 lb./in. and the speed to within + 10 f.p.m.
The angle of take-off of the single-faced web was either O° (i.e.,
tangent at the nip of the lower corrugating roll and pressure roll), as
illustrated in Fig. 1, or 20° above the line of nip tangency; a special idler
roll was installed for the 20° angle.
Ten experimental runs were made on each roll -of medium, as shown in
Table I. This experimental design is a 1/2-fraction of a 2 factorial experi-
ment (4,5) in the variables A, B, C and D - i.e., web tension, main shower
pressure, roll pressure, and angle of take-off. A factorial experiment is one
in which all levels of one variable are investigated at all levels of the other
variables... For example, with four variables as above, each at two levels, there
4
are 2 x 2 x 2 x 2 = 2 combinations of levels of the variables. Factorial
experiments are efficient and are capable of revealing the 'interaction (or
interplay) between variables. In the interest of economy it is possible to
perform a fraction of the total number of trials, provided the trials are
selected according to an appropriately balanced plan. A one-half fraction of
4 4
a 2 factorial, for example, is comprised of 1/2 x 2 =8 trials,, suitably
selected to reveal the major effects of the variables and the most probable
interactions between them. The statistical notation employed in this relation is
the usual notation. for 2- factorials (4,5). Variables such as tension, shower
pressure, etc. are identified by upper case letters. Lower case letters and
the parenthetical numeral (1) are used to identify specific combinations of the




high and low levels of the different variables investigated in this study. Repeat
determinations were made for Runs 4 and 5 to provide an estimate of experimental
error. With a given roll of medium, the 110 runs were performed in random order,
except that Run 3 was always performed first. The reason for this is.that Run 3
was expected to be the most severe conditions from the standpoint of runnability,
and it was necessary to be assured that the medium would run satisfactorily at
these levels of the controlled variables before proceeding to the other runs of
the fractional factorial design. In one instance (Roll 840) it was necessary to.
reduce the high level of web tension from l.75 to 1.50 lb./in. in order for the
sample to run without fracture. The experimental trials listed in Table I were
performed at each of two speeds (300 and 450 f.p.m.), so that the overall
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The operating procedure was as follows: AlO0-foot sample of medium
was removed from the roll and stored for subsequent evaluation of material
properties in connection with the second phase of this study. After taking a
moisture sample from the medium web, the operating variables were set to.their
specified levels and the corrugator was brought up to 300 f.p.m. After steady
state conditions were obtained at 300 f.p.m., a 100-foot sample of single-faced
corrugated board was collected for subsequent evaluation of high-lows at this
speed level. The speed then was elevated to 450 f.p.m. and, after steady state
was obtained, a 100-foot sample of single-faced board was collected for
evaluation of high-lows at 450 f.p.m. The corrugator was then brought back to
zero speed, and the operating conditions set, for the next scheduled run. After
the tenth run a moisture sample was taken from the medium web, and a 100-foot
sample of medium was removed and stored for subsequent use.
In the case of Roll 843, the complete factorial experiment in the A,
B, C and D variables (16 runs) was performed to help clarify the assumptions
implicit in the fractional factorial design employed with the other seven rolls
of medium. The size of Roll 843 did not permit any replicate runs.
With one exception, corrugator variables other than those discussed
above were held sensibly constant during the experimental runs, as shown in
Table II. The one exception is the glue roll clearance and relative speed,
which are not considered to have an affect on high-low corrugations. These
variables were set at levels which have been found to be good operating practice
with the Institute corrugator.
For the purpose of evaluating high-lows, twenty 5-square inch circular
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the 100-foot sample of single-faced board after standard conditioning. The flute
height of five consecutive flutes in each circular specimen was measured by
means of a special flute caliper equipped with a Federal dial indicator, giving
a total of 100 flute height readings per sample. The dial indicator has a
flat measuring foot, exerts a spindle force of 100 grams and is graduated to
0.0005 inch (0.5 point); readings were estimated to 0.0001 inch.
Selected properties of the eight rolls of medium were evaluated after
standard conditioning. The purpose was to check several equations developed
in Project 2696-6 describing the relationship between high-low formation and
medium properties. "Start" and "end" samples of each roll of medium were







11 x 11-inch sheet
Cady micrometer
Baldwin Universal tester;
1-inch wide x 7-inch span;
60-lb./min. test rate
Thwing formation tester
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DISCUSSION OF RESULTS .
This study was conducted in two phases. The first phase speaks to
the effects of selected operating variables on the formation of high-low flutes.
The second phase, of .a.-limited..nature, is concerned with the relationship
between the magnitude of high-lows and the properties of the corrugating medium.
As a preliminary discussion of the results of these two phases, consideration is
given in the following to a numerical measure of high-lows.
NUMERICAL CHARACTERIZATION OF HIGH-LOWS 
"High-low" derives its name from the characteristic that two consecu-
tive flutes are alternately high and low, or vice versa, relative to their mean
height. A given alternating pattern exists for a period, is then upset and a
new alternating pattern is set up; it frequently is one flute out of synchro-
nization with the former pattern. It is the alternating nature of the high-low
pattern that presents a problem in double-backing and causes the phenomenon to
be a point of concern in the corrugating plant.
It seems appropriate to characterize high-lows in single-faced board
in terms of the difference in height between a pair of consecutive flutes.
Inasmuch as an increase in height from one flute to the next is of as much
consequence as a decrease in height, the algebraic sign of the difference can
be discarded. For five consecutive flutes, for example, the average high-low
may be defined as 
Ih2- hj + Ih -h2 + I h 4 -h 3 +1 hhj (1)
and, in general, for n flutes, n-1l
h2-h11+ ;.. + h-h l I = 1 hi+-hil (2)
Yn-i = (n-) (n- (2)
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In the present study, each circular specimen of single-faced board
provided measurement of height for five consecutive flutes and hence four
differences. The twenty circular specimens from a given experimental corrugator
run therefore provided 100 flute measurements or 80 differences, and these were
averaged to give a single average value Y8 0 which was taken as the dependent
variable (or response). It is termed average high-low throughout the report.
The major objective of this investigation is concerned with determining the
effects of five operating variables on average high-low, as defined above.
Another objective, of secondary consideration because of the limited number
of mediums is concerned with the relationship between average high-low and
properties of the corrugating medium.
There are, of course, other arbitrary ways of characterizing high-lows.
For example, one may count the number of differences, Ihil-hl, that exceed
some value believed to be critical for adhesion at the double-backer, say,
three points or five points. Clearly, board with a-high frequency of excessively
large differences is of poorer quality than board with a lower frequency.
Figures 2A and 2B illustrate the connection between.a measure of this
type and the average high-low defined in Equation-(2), for the case of the data
from this study (see Table XVII, Appendix II). The graphs show the relative
frequency of flute-height-differences exceeding three and five points versus
the average high-low for 128 experimental samples of single-faced board
corresponding to the various runs performed on the eight rolls of medium. The
scatter diagram indicates a reasonably close association between these two
arbitrary measures of high-lows. Over most of the range the two measures of
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differences in standard deviation and shape of the distributions of flute-
height-differences from sample-to-sample, as well as sampling variability.
It seems clear, however, that generally the same assessment of high-low quality
will be made with either method for characterizing high-lows provided the
increment is not too subtle, say, on the order of at least a half-point or so
on the average high-low scale. Average high-low is the easier statistic to
work with, and this in part promoted its use in this study. Further work
would be worthwhile, however, in defining an acceptable metric and statistic
for high-lows which will accurately reflect this aspect of combined board
quality.
Based on Fig. 2, the analysis of data in the present study proceeds
on the premise that a reduction in average high-low corresponds to a reduction
in the relative number of excessive flute-height-differences, and that this
corresponds to better quality board from the high-low standpoint.
EFFECT OF OPERATING VARIABLES
Eight rolls of corrugating medium representing mills of wide geograph-
ical distribution were corrugated (A-flute rolls) with a standard liner on the
Institute's experimental corrugator under a variety of operating conditions.
The operating variables under study were web tension, main steam shower pressure,
corrugating roll pressure, angle of take-off of the single-face web, and
corrugating speed. Average high-low, defined as the average absolute difference
in height between successive flutes, was evaluated on conditioned samples of
single-faced board; the average is based on 80 differences in flute height
(in 20 groups of four) over a 100-foot long sample. Table XVII in Appendix
II lists the average high-low for each experimental run as well as the relative
frequency of flute-height-differences in excess of three points.
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Main Effects 
The-main effects of the operating variables, i.e., web tension, roll
pressure, shower pressure, speed and angle of take-off, are shown in Table III
(see Effects A, B, C, D, and S). It may be recalled that the main effect of a
given variable is the average numerical change in the average high-low resulting
from the change in a given operating variable - e.g., web tension. For example,
with reference to the data for Roll 792 in Table III, the effect of increasing
the web tension from 0.5 to 1.75 lb./in. was to increase the average high-low
by 0.68 point. As a second example, the effect of increasing the shower pressure
from zero to 21 p.s.i. was to decrease the average high-low for Roll 792 by 0.75
point. Both of these effects are statistically significant at the 0.05 level,
as denoted by b footnote in Table III. Significance is indicated by the fact
that the 95% confidence interval for the effect (see footnote in Table III) does
not include zero; for example, the 95% confidence interval for the main effect
of web tension with Roll 792 is 0.68 + 0.32, i.e., from +0.36 to +1.00 point.
The effects of the five operating variables are also shown graphically
in Fig. 3-7. Each figure shows the effect of one operating variable for each
of the eight rolls and for the composite of all rolls, the latter corresponding
to the right-hand column in Table III. Connection of the plotted points by
straight lines is for the purpose of roll identification and is not meant to
imply that the relationship is necessarily linear over the range of the operating
variable studied.
It may be seen in Fig. 3 and Table III that increasing the web tension
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95% Confidence Interval
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Figure 7. Effect of Corrugating Speed on Average High-Low
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With the exception of two rolls, the curves exhibited similar slopes. The
analysis of variance tabulated in Table XVI, Appendix I, shows that there was
no interaction between web tension and corrugating medium rolls (AR); thus,
the effect of web tension was essentially the same for each roll (that is,
the slopes of the lines in Fig. 3 are parallel within experimental error).
It is therefore appropriate to consider the effect of web tension for the
composite of all rolls, namely, +0.39 point. That is, on the average, in-
creasing the web tension from 0.5 to 1.75 lb./in. increased the average high-
low of the eight mediums studied by 0.39 + 0.12 point (with 95% confidence).
Figure 3 also provides graphic evidence of the differing magnitude
of high-lows from medium-to-medium. Under a given set of corrugating conditions,
differences of about one point in average high-low are exhibited by these
eight rolls. One point difference in average high-low corresponds to a dif-
ference of approximately 20 percentage points in the relative frequency of
excessive high-lows exceeding 3 points as may be seen in Fig. 2A, or approximately
15 percentage points in the relative frequency of excessive high-low exceeding
5 points (see Fig. 2B).
Figure 4 reveals that increasing the main steam shower pressure from
zero to 21 p.s.i. decreased the average high-low by 0.52-+ 0.12 point, on the
average. The effect of shower pressure was consistent from roll-to-roll to
within experimental error as shown by the lack of a significant interaction
between shower pressure and medium roll, BR, - see Table XVI, Appendix I.
As shown in Fig. 5, increasing the corrugating roll pressure from 187
to 420 lb./in. caused a consistently large decrease in average high-low.
Averaged over all rolls the decrease was 0.72 + 0.12 point. This was the
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largest effect observed in this study. It corresponds to approximately 0.3 point
reduction for a 100 lb./in. increase in corrugating roll pressure (assuming a..
linear relationship).
To gain some appreciation for the consequences of a 0.72-point
reduction in average high-low, reference may be made to Fig. 2A and 2B which
show the relative frequency of flute-height-differences exceeding three and
five points (arbitrary degrees of severity of high-lows) vs. average high-low
for the samples in this study. As an example, it may be seen that in the
neighborhood of 2.0 points for average high-low, a reduction of 0.72 point in
average high-low would decrease the relative frequency of differences exceeding
3.0 points by about 15 percentage points and approximately 10% in the case of
those exceeding 5 points, on the average.
An elevation of 20 ° in the angle of take-off of the single-face web
had no significant effect (0.05 level) on average high-low (see Fig. 6). The
lack of effect was consistent for the several rolls. The 95% confidence limits
for the effect of angle of take-off are +0.06 + 0.12, that is, -0.06 to +0.18
point, indicating that the true effect is unlikely to be large enough to be of
technical importance. Negative angles of take-off (i.e.., below the line of
tangency at the nip of the pressure roll and lower corrugating roll) were not
investigated. '
Corrugating speed had a modest and consistent effect on high-lows for
all rolls of medium (see Fig. 7). On the average, increasing the speed from 300
to'450 f.p.m. increased the average high-low by 0.25 + 0.12 point.
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Interactions
"Interaction" means that the effect of one variable depends upon the
level of another variable.- For example, an interaction (denoted UV) between
variables U and V means that the effect of U on average high-low depends upon
the level of V, or vice versa.
As may be seen in Table III there were significant interactions
between shower pressure (B), corrugating roll pressure (C), and corrugating
speed (S). These interactions are illustrated in Fig. 8-10. Figure 8 illustrates
that the decrease in high-lows with increasing corrugating roll pressure was
somewhat greater at zero shower pressure than at 21 p.s.i. shower pressure. The
interaction is not severe, however, and does not vitiate the conclusions cited
above that average high-low decreases with increase in (a) roll pressure and
(b) shower pressure. Figure 9 illustrates a modest statistical interaction
between roll pressure and corrugating speed.
Figure 10 shows the three-way interaction between shower pressure,
roll pressure, and speed. It reveals that the severity of the aforementioned
interaction between shower pressure and roll pressure (Fig. 8) in turn depends
on the corrugating speed.
None of the interactions graphed in Fig. 8-10 involves a reversal in
the effect of an operating variable, -thus conclusions drawn in connection with
Fig. 3-7 remain valid. The average effects of the several operating variables
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Operating Variable'. Change in Variable Effect on Average High-Low
Web tension 0.5 to 1.75 lb./in. + 0.39 point
Main shower pressure 0 to 21 p.s.i. - 0.52 point
Corrugating roll pressure .187 to 420 lb./in. - 0.72 point
Angle of take-off 0 to + 20° + 0.06 point
Corrugating speed 300 to 450 f.p.m. + 0.25 point
All effects + 0.12 point with 95% confidence.
These results indicate that the average high-low can be minimized by
decreasing the web tension and corrugating speed and increasing the main steam
shower pressure and the corrugating roll pressure. Elevating the angle of take-
off of the single-face web by 20° above the normal had no important effect on
average high-low.
Comparison with Previous Investigation
The operating variables investigated here were also studied earlier
in Project 2696-1 (3). The earlier work involved four 26-lb. medium samples
(three semichemical and one kraft). Generally speaking the precision of the
earlier results was not as favorable as in the present study, and a number of
the operating variables did not have a statistically significant effect (at
the 0.05 level). This of course, should not be interpreted as proving that
the variable had no effect, but rather that its effect was so imprecisely
determined as to include zero effect as a possibility. It may be of interest,
therefore, to estimate the effects from the earlier study and compare them with
those discussed above. Since different levels of the operating variables were
employed in the two studies, linear interpolation or extrapolation of the data
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from Reference (3) is employed to estimate effects comparable to those of the
present work.
In the case of web tension, it is found by interpolation in Table
XXII of Reference (3) that increasing the tension from 0.5 to 1.75 lb./in.
increased the average high-low by 0.37 point, considering all four medium samples.
This estimate agrees well with the effect (0.39 point) found in the present study.
The effect of main shower pressure in the earlier work [Table XXVIII
of (3)] was a decrease of average high-low by 0.67 point for the four mediums
as the shower pressure was increased from 0 to 21 p.s.i. (by interpolation).
Again there is good agreement between studies, the present investigation giving
0.52 point decrease.
In the earlier study, increasing the corrugating roll pressure from
187 to 420 lb./in. decreased average high-low by 1.00 point [by interpolation
in Table XXXVII of (3)] as compared with 0.72 point decrease in the current
study. The earlier work indicated that virtually all of the effect occurred
as the pressure was increased from 187 to 325 lb./in., with no further change
in high-low from 325 to 420 lb./in. The earlier work involved five medium
samples - including a 26-lb. semichemical medium in addition to those already
mentioned.
The effect of a 20 ° angle of take-off on three mediums (two semi-
chemical and one kraft sample) in the earlier study was to decrease average
high-low by 0.21 + 0.47 point with 95% confidence [by extrapolation in Table
XLVI of (3)] whereas the present study indicated an increase of 0.06 + 0.12.
The two estimates are not significantly different and neither differs from zero.
-------------------------_____ _ I
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Each of the abovementioned tables of data in Reference. () provides
an estimate of the effect of increasing the corrugating speed from 300 to 450
f.p.m. The four estimates range from +O.01to +0.40 point. On the average,
the effect of speed is +0.17 point, which agrees quite well with +0.25 point
in the present study.
In general, therefore, the two studies are in quite good agreement in
respect to the effect of five operating variables on high-low flutes. It seems
clear from the two studies that, for the ranges of operating variables investi-
gated, the corrugating roll pressure and the main shower pressure have the largest
effect on high-lows and the angle of take-off has the least; web tension and
corrugating speed have effects of intermediate magnitude. Severity of high-lows
varies inversely as roll pressure and shower pressure, and directly as web
tension and corrugating speed.
RELATIONSHIP BETWEEN HIGH-LOWS AND PROPERTIES OF THE CORRUGATING MEDIUM
A number of studies, including the present investigation, have shown
that the magnitude of high-lows varies from medium-to-medium (1-3). This
observation indicates that high-lows are governed by the physical properties
of the-medium as well as the operating conditions of the corrugator. Indeed,
from one standpoint, an explanation of the importance of certain operating
variables (e.g., shower pressure, roll pressure) in respect to high-lows may
be approached in terms of their effect upon the properties of the medium. For
example, shower pressure may be an important factor in high-low formation because
of its effect on moldability and heat transfer of the medium.
At the present time there' is no generally accepted description of the
physical mechanism of the formation of high-low flutes. Research directed to
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gaining a clearer understanding, however, has been proposed for 1970, involving
experimental study of the behavior of various elements of the corrugator (i.e.,
spectral analysis). For the present, research on high-lows depends upon empirical
studies of the type reported here in respect to operating variables and in the
concurrent, allied Project 2696-6 in respect to medium properties.
The work undertaken in the current study does not:.involve sufficiently
extensive sampling of mediums to provide an effective empirical study of the
relationship between high-lows and medium properties. The eight rolls of medium
which were studied provide a good experimental base for the study of operating
variables but are too few for the study of the effect of medium properties.
Project 2696-6, on the other hand, employed some twenty medium samples in order
to provide an adequate base for a study of medium properties.
The present investigation, however, does give an opportunity to check
the relationships developed in Project 2696-6. It permits essentially an in-
dependent check of the relationships since the data reported here have not been
used in their development.
Among a number of relationships developed in Project 2696-6 (6), the
equations shown in Table IV of the present report appeared to be attractive from
the standpoints of accuracy, frugality of number of properties, and consistency
under different corrugating conditions. (Frugality is of concern since empirical
relations often can be progressively improved by continued addition of independent
variables beyond the point of physical relevance.)
The corrugating conditions termed "normal" and "adverse" in the two
studies are compared in Table V. It may be seen that the main shower pressure









































































































































































































































































































































































































































































































































































































































































































































































Project 2696-7 than in 2696-6. Based on the results in Reference (3), however,
the differences in pressures would be expected to cause little or no difference
in high-lows. That is, from Fig. 16 of Reference (3), an increase in shower
pressure from 14 to 21 p.s.i. is expected to decrease high-lows by about 0.1
point; from Fig. 19 of (3) an increase in roll pressure from 327 to 420 lb./in.
is expected to produce no difference in high-lows. The "adverse" conditions in
the two investigations are nearly identical. The small disparity in web tensions
(1.5 vs. 1.75 lb./in.) should cause less than 0.1 point difference in high-lows
(see Table III of this report), and the difference in angle of take-off (15 vs.







CORRUGATOR OPERATING CONDITIONS IN TWO INVESTIGATIONS
Main Corrugating
Web Shower Roll Angle of
Tension, Pressure, Pressure, Take-Off,
i lb./in. p.s.i. lb./in. deg.
Normal Conditions
-6 0.5 14 327 0
.7 0:5 21 420 0
Adverse Conditions
-6 1.5" 0 187 15







aAverage for all medium rolls.
One of eight rolls was at 1.5.
The relationships in Table IV were evaluated for the medium rolls of
this study, whose physical properties are shown in Table VI. The average
accuracy of each relationship is shown in Table IV for the two investigations.
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As maybe seen in Table IV, the empirical equations were somewhat more
accurate for the eight rolls of medium in this investigation than they were for
the twenty-one mediums from which they were derived. Consideration of the
average algebraic error in Table IV indicates a systematic overestimation of
high-lows for the eight rolls of this study; this may reflect some difference
in experimental method between studies, although the techniques of corrugating
and materials evaluation were nominally the same in both studies.
The relationship involving tensile strength and Thwing formation
[Equation (5) in Table IV] appears to be a reasonably good predictor of high-
lows. It implies that high-lows (a) decrease with better formation of the
sheet, and (b) increase with increase in M.D. tensile strength of the medium.
INTERPRETATION OF RESULTS
The conclusions from this study, in so far as corrugating operating
variables are concerned, are that high-lows increase with increasing web tension
and corrugating speed and decrease with increasing main shower steam pressure
and corrugator roll pressure. The magnitude of high-lows also varies with the
medium being corrugated; it appears that high-lows decrease with improved
formation of the medium and increase with increasing tensile strength of the
medium.
The effects of the aforementioned operating variables are consistent
with past investigations (3). While the mechanism of formation of high-lows is
not really understood, a number of phenomenological explanations have been
offered. For example, the fact that increasing web tension increases high-lows
has been attributed to possible slippage of the fluted medium as it leaves the
labyrinth (sometimes referred to as robbing of flutes already formed) and/or to
I^
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more'pronounced fluctuations in web tension which possibly may induce more
pronounced fluctuations in flute height (3).
An increase in the main steam shower pressure increases the quantity
of steam applied to the sheet and probably increases its temperature, thereby
promoting more complete and more uniform molding of the flutes.
Increasing the pressure between the corrugating rolls would be expected
to provide more complete, and possibly more uniform, molding or permanent set
of the flutes. Increased roll pressure also may reduce the "jump" or drop
action of the upper corrugating roll, to which Peters (7) has attributed high-
low formation.
Increasing the corrugating speed probably reduces the heat transfer
to the medium and also increases the jump action of the upper roll, both of
which may be expected to lead to poorer molding of the flutes.
The indicated importance of formation of the medium supports Wilson's
(3, 8) belief that uneven formation contributes to high-lows by causing
different areas of the web to shrink at different rates, thereby inducing
cockling. Uneven formation may also aggravate roll jump and increase high-
lows in that way.
The empirical relationship between high-lows and tensile strength
implies that increasing the tensile strength of the medium increases the
magnitude of high-lows. This effect is difficult to explain, particularly
since tensile strength is a failure property, and failure (or rupture) of the
medium is not involved in the high-low phenomenon. It may be that the relation-
ship between tensile strength and average high-lows may be more a function of




prerupture stress-strain and recovery behavior than rupture. A consideration
of high-low formation in the light of stress-strain loading and recovery may
be a worthwhile, approach for future research.
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APPENDIX I
STATISTICAL ANALYSIS OF DATA
The experimental design shown in Table I is a one-half fraction of a
24 factorial (i.e., a 24-1 factorial) in the factors web tension (A), main steam
shower pressure (B), corrugator roll pressure (C), and angle of take-off (D).
This design is economical of experimental effort since it requires only eight
runs rather than the 16 runs required for a full factorial experiment in four
variables. The price paid for the reduced number of runs is that necessarily
some information is sacrificed, with the result that certain pairs of effects
and interactions, which would be distinguishable in a full factorial, are
confounded in the fractional factorial. The confoundings (or aliases) in this
experiment (which is the principal fraction with defining relationship I =








It is seen that the main effects are confounded with three-factor
interactions. On the assumption that three factor interactions are negligible,
this design provides estimates of the main effects A, B, C and D. Two-factor
interactions are confounded pairwise. It is expected that D, angle of take-off,
does not interact with web tension A, shower pressure B, or corrugator roll
pressure C. Interactions between A, B and C may be expected to be more likely.
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Under this assumption the design provides estimates of AB, AC and BC. It should
be borne in mind, however, that CD = BD = AD = 0 is an assumption. There will
necessarily be some question, therefore, whether what is termed a BC interaction,
for example, is solely that or, on the other hand, a combination of BC and AD
interactions or an AD interaction.
For each experimental run listed in Table I, single-faced board was
fabricated at two corrugating speeds, S, (300 and 450 f.p.m.). Thus, the over-
all experiment for a given roll of'medium was a 2 x 21 factorial (and thus
involves 32 runs, counting both speeds). To the seven effects listed above
may be added the following: S, AS, BS, CS, DS, ABS, ACS and BCS. Experimental
error was evaluated from replication of Runs 4 and 5, and the estimates of
experimental error are shown in Table VII.
TABLE VII










































From 4 and 5-factor interactions.
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An analysis of variance and evaluation of effects were calculated by
the Yates algorithm (4, 5) programmed for an IBM System 360-40 digital computer
as a part of this study. The results of the analysis of variance for seven of
the eight rolls of medium are tabulated in Tables VIII to XIV.
In the case of the eighth roll (Roll No. 843) a full 25 factorial
experiment without any replication was performed to shed light on the assumptions
regarding interactions. The analysis of variance is tabulated in Table XV. It
may be remarked that one of the three-factor interactions, ACD, showed up
significant at the 0.05 level, suggesting that the main effect B (shower pressure)
may not be free and clear of confounding in the fractional factorials for the
other seven rolls. However, the ACD interaction, while significant, is not
large relative to its alias B and may be spurious since 31 tests of significance
are involved in Table XV.and an error of the first kind might have occurred.
In addition to the analyses for the individual rolls, a composite
analysis of all eight rolls was performed (an 8 x 2 x 24-1 factorial) and is
tabulated in Table XVI. In the case of Roll 843, only the eight combinations
shown in Table I were used in the composite analysis; this leads to some dis-
parity between the composite analysis and the individual roll analysis (Table
XV) with respect to the estimates of effects for Roll 843. The disparities
are not serious, however, and do not confuse the conclusions drawn from the
study.
In all of the above statistical analyses the variables were treated as
fixed factors. The responses for the repeat runs (a and b) of Runs 4 or 5 were
averaged and treated as a single response. This results in a slight overstatement
of the confidence intervals for the effects (by about 7%).
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TABLE VIII







































































B: Main Steam Shower Pressure
C: Corrugating Roll Pressure
D: Angle of Take-Off-
S: Corrugating Speed



























































































B: Main Steam Shower Pressure
C: Corrugating Roll Pressure
D: Angle of~ Take-off
S: Corrugating Speed
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TAB LE X



















































ERROR 34 0. 1021
F95,34 =4.1
A: Web Tension
B: Main Steam Shower Pressure
C: Corrugating Roll Pressure
D: Angle of' Take-Off
S: Corrugating Speed
a Notes significance at 0.05 level.
F
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AV . 0.1786874E 01
34 0.1021
F 0.95, 1, 34 = 4.13
A: Web Tension
B: Main Steam Shower Pressure
C: Corrugating Roll Pressure
D: Angle of Take-Off
S: Corrugating Speed
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TABLE XII





































































1B: Main Steam Shower Pressure
C: Corrugating Roll Pressure 
D: Angle of Take-Off
5: Corrugating Speed
























































































B: Ma.in Steam Shower Pressure
C: Corrugating Roll Pressure
ID: Angle of Take-off
5: Corrugating Speed
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TABLE XIV





































































3 & 0 10 21
F0. 95,1,34 = 4.13
A: Web Tension
B: Ma~in Steam Shower Pressure
C: Corrugating Roll Pressure
D: Angle of' Take-Off
5: Corrugating Speed
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ITABLE XV 







































































































B: Main Steam Shower Fressure
C: Corrugating Roll Pressure
D: Angle of' Take-off
S: Corrugating Speed
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TABLE XVI



























































































































413 -0.95,7,34 = 2.0
A: Web Tension
B: Main Steam Shower Pressure
C: Corrugating Roll Pressure
D: Angle of Take-Off
S: Corrugating Speed
R: Medium Roll
aDenotes significance at 0.05 level.
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An estimate of experimental error is required for the' tests of signifi-
cance in the analysis of variance and for the construction of confidence intervals
for the effects and means. Replicate;runs (a and b) were performed for Runs 4
and 5 with each of seven rolls and provide an estimate of experimental error.
It reflects variability in (a) equipment and operators conducting the runs,
(b) material properties of a medium over the length of the roll, as well as
(c) the variability in high-lows within and between test specimens.
Each roll provides a four degree-of-freedom estimate of experimental
error variance, as shown in Table VII. In addition a six degree-of-freedom
estimate was obtained from the full factorial for Roll 843 by "pooling" four-
and five-factor interactions on the assumption that they are manifestations of
experimental error rather than real effects. All of the abovementioned estimates
were pooled to obtain a composite estimate, namely, V(e) = 0.1021 point based
on 34 degrees of freedom. This agrees favorably with a prior estimate given as
(0.36) = 0.1300 point in Project 2696-1 [see Table LIV of Reference (3) for
Nr = 80 and Nt = 1]. (It might be remarked that the variance of average high-
low due to within-sample variability for a given run is 0.035 point , in the case
of Roll 792 which was studied in detail in this regard. The experimental error
is significantly greater than this within-sample variability, evidently because
of variability in equipment, operators and material. This comparison illustrates
the importance of replication of the experimental runs in studies of this type
to avoid underestimation of experimental variability.)
There is a suggestion in the data of Table IV that the. error variance
increases with the magnitude of high-lows, thereby violating the requirement of
homogeneity of error variance in the analysis of variance for the composite, of
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all rolls (Table XVI). While.it may be possible to find a transformation of the data
to satisfy the homogeneity requirement, it was not attempted in this study. A
consequence of inhomogeneity is that the significance of effects tends to be
overstated for rolls with high average high-low and understated for rolls with
low average high-low.
Confidence intervals (95%) for effects and means were calculated as
follows:
Effects: + t V(e) (3)
.975,34 R 3)
Means: + t 97 5 3 4 V(e) (4)
mnR
where V(e) = error variance = 0.1021 pt.2
t = Student t
R = number of rolls (1 or 8)
n = number of responses in mean (8 for
main effect, 4 for two-factor inter-
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